The species Actinomyces serovar WVA963 is among the 20 bacteria most frequently isolated from human subgingival plaque. The interactions of this species with streptococci are inhibited by lactose, a function associated with type 2 fimbrial surface structures in Actinomyces naeslundii. Type 1 fimbriae mediate binding of cells to salivary proline-rich proteins. Specific polyclonal antisera against type 1 and type 2 fimbriae of A. naeslundii T14V revealed both types of fimbriae on Actinomyces serovar WVA963 strain PK1259. T o investigate the role of type 2 fimbriae of strain PK1259 in Actinomyces-St~e~tococcus lactose-inhibitable coaggregations, spontaneous coaggregation-defective (Cog') mutants that failed to coaggregate with streptococci were isolated; three were chosen for study. All three mutant strains synthesized type 1 fimbriae and a 59 kDa protein; mutant strains PK2415 and PK3092 synthesized type 2 fimbriae and a 57 kDa protein. In contrast, the Cog' strain PK2407 did not agglutinate with anti-type 2 antibodies or show the 57 kDa band, suggesting that the 57 kDa protein was the type 2 fimbrial subunit. Polyclonal antiserum raised against the Actinomyces serovar WVA963 strain PK2399, an antibiotic-resistant derivative of wild-type PK1259, blocked coaggregation between this strain and streptococci. Anti-PK2399 serum absorbed with mutant strain PK3092 bearing type 2 fimbriae retained its blocking ability. Surface sonicates of the parent and mutant strains were adsorbed to streptococcal cells and to lactose-agarose beads. Lactose eluates from both the streptococcal cells and the affinity beads were characterized by SDS-PAGE and corresponding immunoblots using anti-PK2399 serum absorbed with Cog' mutant PK3092. These blots revealed a 95 kDa putative adhesin in the parent strain PK2399 that was absent in the Cog' mutant strain PK3092. These results suggest the presence of a putative 95 kDa actinomyces adhesin distinct from the 57 kDa type 2 fimbrial subunit and that this adhesin mediates lactose-inhibitable coaggregation with streptococci.
INTRODUCTION
Besides their ability to bind to the tooth surface, they also interact with other genera of oral bacteria such as Actinomyces are among the initial colonizers during streptococci (Gibbons & Nygaard, 1970) , veillonellae early plaque development (Nyvad & Kilian, 1987) . (Hughes et al., 1988) or fusobacteria (Kolenbrander et al., 1989) as part of dental plaque (Kolenbrander & London, 1993) . Some of these coaggregations are mediaAbbreviation : PRP, proline-rich protein.
ted by a heat-and protease-sensitive actinomyces C. M. K L I E R a n d OTHERS adhesin that binds to a cognate carbohydrate receptor on the streptococcal surface (McIntire et al., 1978) . Oral actinomyces synthesize two different types of fimbriae ; type 1 fimbriae bind to proline-rich proteins (PRPs) (Gibbons et al., 1988) present in saliva (Clark et al., 1984) , and type 2 fimbriae are involved in lactoseinhibitable intergeneric coaggregations with streptococci (Cisar et al., 1983) , as well as lactose-inhibitable binding to eukaryotic cells (Brennan et al., 1984 (Brennan et al., , 1986 . Type 2 fimbriae are present on all Actinomyces naeslundii strains so far examined, but type 1 fimbriae are not produced by all these actinomyces Johnson et al., 1990; Yeung, 1992) . The genes encoding the fimbrial subunits of type 1 and type 2 fimbriae of A. naeslundii strains T14V and WVU45 have been cloned and sequenced (Donkersloot et al., 1985; Yeung et al., 1987; Yeung & Cisar, 1988 . Both subunits are about 60 kDa in size and contain the cell surface binding motif LPxTG in the Cterminal region that is characteristic of many Grampositive surface proteins (Schneewind et al., 1992 (Schneewind et al., ,1995 .
The deduced amino acid sequences of FimA (subunit of type 2 fimbriae) of A. naeslundii WVU45 and that of FimP (subunit of type 1 fimbriae) of A. naeslundii T14V are 34% identical (Yeung & Cisar, 1990) . The amino acid sequence homology between the FimA proteins of A. naeslundii WVU45 and A. naeslundii T14V is 70% (J. A. Donkersloot, personal communication; Yeung & Cisar, 1988) . Studies by Cisar and colleagues (Cisar et al., 1983 showed that A. naeslundii strains lacking FimA (type 2 fimbriae) have lost the ability to mediate lactose-inhibitable coaggregation with streptococci. However, it remains unclear if FimA possesses the lactose-sensitive adhesive function or if an accessory fimbrial protein is responsible (Cisar et al., 1991) . The presence of FimP on the cell surface was shown to be insufficient for adherence to salivary PRPs (Yeung, 1995) . A minor protein at the tip of the type 1 fimbriae has been proposed to mediate the binding of A. naeslundii T14V to salivary PRPs (Nesbitt et al., 1992) .
This raised the question as to whether there may also be a distinct protein associated with FimA (type 2 fimbriae) or whether the FimA subunit itself provides the adhesive function. Examples of both possibilities have been documented for Gram-negative bacteria (Abraham et al., 1987; Irvin et al., 1989; Moch et al., 1987; Uhlin et al., 1985; Weiss et al., 1988) . In Pseudomonas aeruginosa, the adhesive function is located in the C-terminal region of the 15 kDa structural subunit of the type IV pili (Lee et al., 1994) . In the oral bacterium Prevotella loescheii, a distinct 75 kDa adhesin (London & Allen, 1990 ) is located at or near the tips of fimbriae (Weiss et al., 1988) . The extensively studied Escherichia coli PapG adhesin is found as part of a specialized structure at the tip of the P pili (Kuehn et al., 1992) . Recent studies have also shown that the FimH adhesin of type 1 pili in E. coli is assembled into a fibrillar tip structure that is distinct from the fimbrial subunit (Jones et al., 1995) . To investigate the possibility that an actinomyces adhesin distinct from the type 2 fimbrial subunit may mediate lactose-inhibitable coaggregations with streptococci, we chose Actinomyces serovar WVA963 strain PK1259 because it interacts only by lactose-inhibitable coaggregations with its streptococcal partners . Spontaneously occurring mutants were selected for failure to coaggregate with streptococci and analysed and compared to the wildtype PK1259 for the presence of adhesins.
METHODS
Bacterial strains and culture conditions. All bacterial strains were of human origin and are listed in Table 1 . The oral strain Actinomyces serovar WVA963 strain PK1259 was isolated from a subgingival site . Actinomyces and streptococci were grown at 37°C in CAMG medium (Maryanski & Wittenberger, 1975) containing (I-' ) :
tryptone (5.0 g) ; yeast extract (5.0 g) ; glucose (2.0 g ) ; dibasic potassium phosphate (5.0 g) ; 0.5 ml Tween 80 (Sigma) ; and adjusted to pH 7.4. Cells were grown under anaerobic conditions [N,/CO,/H, (80:10:10, by vol.)] in Gas Pak systems (BBL Microbiology Systems). Veillonellae and fusobacteria were cultivated as described previously (Hughes et af., 1988; Kolenbrander et al., 1989) . Bacterial cells used for coaggregation were grown overnight, washed three times and resuspended in coaggregation buffer (0.1 mM CaCl,, 0.1 mM MgCl,, 150 mM NaC1, 0*02%, w/v, sodium azide buffered with 1 mM Tris/HCl, p H 8.0). Coaggregation assay. The coaggregation of the actinomyces strains with other oral bacteria was tested by the visual coaggregation assay (Kolenbrander & Andersen, 1990) . Cells were grown overnight, harvested, washed, resuspended in coaggregation buffer and adjusted to a concentration of about 1 x lo9 cells ml-' [260 Klett units (red filter); KlettSummerson] . Equal amounts of each cell suspension (100 pl) were mixed and scored for coaggregation. A score of 0 was given when, after mixing, no change in turbidity could be observed in the cell suspension; a maximum score of 4 was given when, after mixing, the coaggregated cells sedimented immediately, leaving a clear supernatant. Suspensions of each cell type individually showed no autoagglutination. Selection for Cog' mutants. Strain PK2399, a spontaneous antibiotic-resistant derivative of PK1259, was used to obtain spontaneous Cog-mutants by selecting those that failed to coaggregate with their streptococcal partners as described previously (Kolenbrander, 1982) . Strain PK2399 was obtained by successive plating of strain PK1259 on agar containing 1000 pg streptomycin (Sigma) or 500 pg spectinomycin (Sigma) ( Table 1) . A suspension (10' cells ml-') of strain PK2399 was mixed with a dense cell suspension (10" cells ml-l) of the appropriate streptococcal partner and centrifuged at 400 g for 2 min to remove coaggregates. The supernatant fluid was collected and additional partner cells were added ; the procedure was repeated until no visible aggregates were seen. The resulting mutant-enriched supernatant fluid was plated on antibiotic-containing media. Colonies were selected and tested for coaggregation with the streptococcal partner in microtitre wells (Kolenbrander, 1982) . Isolates that appeared coaggregation-negative with the appropriate partner were purified on antibiotic media and retested to confirm the Cogphenotype. All Cog-strains were tested for coaggregation with the other streptococcal reference strains as well as with other strains of oral bacteria. Electron microscopy. Strains of Actinomyces serovar WVA963 were prepared for negative staining by the method of Handley Reference strain for coaggregation group 3
Reference strain for coaggregation group 3
Reference strain for coaggregation group 4
Reference strain for coaggregation group 5
Reference strain for coaggregation group 6
Reference strain for veillonellae coaggregation group I Coaggregation partner of all actinomyces strains used in this study Kolenbrander et af. (1983) This 
'' Resistant to 1000 pg streptomycin ml-' and 500 pg spectinomycin ml-l.
et ul. (1984, 1985) . Cells were incubated statically for 48 h, collected by centrifugation at 1500 g, and washed three times in distilled water. The final pellet was resuspended to give a milky suspension. A drop of this suspension was placed on a Formvar-coated copper grid (400 mesh ; Agar Aids) which had been carbon-coated in a Bio-Rad E6200 Turbo Coater and plasma glowed in a Fisons Instruments PT7150 RF Plasma
Etcher. Bacteria were negatively stained with 1 % (w/v) methylamine tungstate (EM Scope). Micrographs of fimbriae were taken on a Hitachi 600 electron microscope at 100 kV, at magnifications of 60000 and 80000.
Agglutination of whole cells with PRP-coated latex beads.
PRPs bound to polystyrene latex beads (Polysciences) were prepared as described by Gibbons et al. (1988) and Hsu et al. (1994) . As a control, bovine serum albumin was bound to latex beads. To test binding to PRPs, 100 p1 PRP-coated latex beads was mixed with 5 pl bacterial cell suspension (1 x lo9 cells ml-l) in flat-bottom microtitre wells (Flow Laboratories).
Agglutination was scored after overnight incubation at 4 "C.
Immunological testing for type 1 and type 2 fimbriae on Actinomyces serovar WVA963 strains. IgG of rabbit antiserum R59 against type 1 fimbriae and IgG of rabbit antiserum R55 against type 2 fimbriae of A. naeslundii T14V were kindly provided by J. Cisar . Agglutination of cells by these antibodies was tested by mixing 25 pl antibody (100-0.1 pg protein ml-', final concentration) with an equal amount of Actinomyces serovar WVA963 cells (5 x 10' cells ml-l in coaggregation buffer) in V-shaped microtitre plates (Dynatech Laboratories). Agglutination was scored after overnight incubation at 4 "C. Cells of A. nueslundii T14V
were included as a positive control.
Anti-PK2399 serum. Antiserum was raised in New Zealand
White rabbits by injection of 0.5 ml containing 5 x 10' cells of Actinomyces serovar WVA963 strain PK2399, suspended in coaggregation buffer (without sodium azide) with an equal amount of Freund's complete adjuvant. Preimmune serum was withdrawn and the injection schedule was started with an intradermal inoculation. Boost injections without Freund's adjuvant were administered intravenously in the marginal ear vein at 9 d intervals thereafter. Two test bleeds followed by two production bleeds, 5 and 25 ml, respectively, were taken at 18 d intervals and two additional production bleeds were taken at 3 d intervals just prior to exsanguination on day 80.
Antisera were screened for the ability to agglutinate strain PK2399 and to block coaggregation between strain PK2399 and its streptococcal partners, strains 34 and C104.
Antiserum absorption with Cog' mutants. Antiserum raised against the parent strain was repeatedly absorbed with 0.6 g wet weight of cells of a Cog-mutant until the antiserum failed to agglutinate the Cog-mutant strain. For 3 ml antiserum, this usually required about 10-15 absorptions with 0.6 g Cogmutant cells in each absorption. Mutant-absorbed antiserum was tested for its ability to inhibit coaggregation between the parent actinomyces strain PK2399 and its streptococcal partners, strains 34 and C104. The protein concentration of absorbed antiserum was between 6 and 35 mg ml-'. Blocking of coaggregation with antiserum. Bacterial cell suspensions were adjusted to 160 Klett units (about 5 x 10' cells ml-') in coaggregation buffer. A 50 pl aliquot of actinomyces cell suspension was mixed with 10 pl of undiluted or diluted antiserum (diluted in modified coaggregation buffer containing 100 mM Tris, pH 8.0, and 0.2%, w/v, BSA) in a silanized glass tube (10 x 75 mm) and incubated for 30 min at room temperature. These tubes were prepared by coating glass tubes with Sigmacote (Sigma), rinsing three to four times with distilled water, and drying. After adding 50 pl streptococcal partner cells and vortexing, the coaggregation was scored. A score of 0 was given when, after mixing of two partners, no change in turbidity could be observed; a maximum score of 4 was given when, after mixing the cells, the coaggregated cells sedimented immediately, leaving a clear supernatant. Controls containing preimmune sera did not agglutinate actinomyces and did not block coaggregations. Also, the modified coaggregation buffer used to dilute the antiserum did not inhibit coaggregation.
It should be noted that coaggregation blocking was determined immediately after adding partner cells to the 30 min preincubated actinomyces/antiserum mixture. Coaggregations were detectable immediately after partner cell addition and were often enhanced by mixing the vessel contents, whereas agglutination was not detectable until several hours after the initial mixing and was scored without additional mixing. Agglutination was routinely scored after overnight incubation at 4 "C. In each coaggregation-blocking experiment, an agglutination control consisting of the parent strain PK2399 and a non-partner streptococcus, Streptococcus gordonii DL1, was included; no agglutination was detected in any of the coaggregation-blocking experiments. Surface preparations from actinomyces strains using mild sonication. Cells were grown overnight in 1 litre screw-capped bottles. Cells were harvested and washed three times in PBS (1.7 mM KH,PO,, 5 mM Na,HPO, and 0.15 M NaC1, pH 7.4). After a final wash in 20 mM Tris/HCl (pH 8*0), cells were resuspended in ice-cold 20 mM Tris/HCl (pH 8.0) at a final concentration of 0.2-0-3 g wet weight ml-'. In an icebath, a glass tube containing 3 ml cell suspension was exposed to mild ultrasonication with a microdisruptor KT40 (maximum power is 50 W ; Kontes) for two 1 min periods. No cell breakage was observed by microscopic examination of the sonicated cells. All subsequent procedures were done at 4 "C. The sonicated cells were pelleted by centrifugation for 20 min at 27000 g. The supernatant was centrifuged two additional times at 35000 g for 40 min and then filtered through a low protein binding filter (0.22 pm pore diameter; Millipore). The protein concentration of the supernatant fluids was determined by the Micro-Bradford assay (Bio-Rad) using bovine serum albumin as standard. A typical protein concentration of the sonicated surface preparations was 0.3-0.6 mg ml-'. (Laemmli, 1970) . A sample of usually 5 pg protein per lane was separated on precast 4-20 % Tris/glycine gels (Novex). Separated proteins were stained with the ISS Pro-Blue staining kit (Integrated Separation Systems). For immunoblots, the gels were blotted (Towbin et al., 1979) Tris/HCl (pH 8.0), cells were resuspended in 20 mM Tris/HCl (pH 8.0) to a final concentration of 0.5-0-7 g cells wet weight ml-l in the presence of 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride and 50 mM iodoacetic acid. Aliquots of about 15 ml cell suspension were placed in an ice-bath and exposed twice for 1 min to mild ultrasonication as described above. A typical protein concentration of a sonic surface preparation was in the range of 2-4 mg ml-'.
After addition of 0.02 YO (w/v) sodium azide and 1 mM CaCl,, the supernatant was mixed with 1.5 ml prewashed (two washes with 10 ml20 mM Tris/HCl, pH 8-0) lactose-agarose beads (Sigma) in a polypropylene tube. The surface sonicate/ bead mixture was rotated end-over-end overnight at 4 "C. The lactose-agarose beads were washed six times with adsorption buffer (20 mM Tris/HCl, pH 8.0; 1 mM CaCl,; 0.02 '/o, w/v, sodium azide). Bound proteins were eluted by incubation with 2 4 ml 100 mM lactose in 20 mM Tris/HCl (pH 8-0), 2 mM EDTA and 0.02% (w/v) sodium azide for 6 h at 4 "C. The final wash prior to the lactose elution as well as the material eluted with lactose were dialysed overnight against 20 mM Tris/HCl (pH 8.0), 2 mM EDTA and 0.02% (w/v) NaN,. The dialysed samples were concentrated from 2 ml to about 50 pl in Centricon-10 centrifugal concentrators (Amicon). These concentrated samples were very dilute and had protein concentrations in the background range of the Micro-Bradford assay (less than 2 pg ml-l). In control experiments, surface sonicates were adsorbed to mannose-agarose beads (Sigma) which were chemically prepared by the manufacturer in the same way and treated here in an identical manner to the lactose-agarose beads. 
RESULTS

Selection of Cog' mutants of Actinomyces serovar WVA963 strain PK1259
Spontaneous mutants of the double-antibiotic-resistant strain PK2399 that failed to coaggregate with the streptococcal partners of the parent and wild-type strains were selected. Of the reference strains from the six streptococcal coaggregation groups (Table 1) , only those representing groups 3 , 4 and 5 coaggregated with wild-type PK1259 and parent strain PK2399, and these interactions were lactose-inhibitable ( The method for assigning coaggregation scores has been described by Kolenbrander & Andersen (1990) . 
Functional characterization of fimbriae
The ability of actinomyces cells to bind to PRP-coated latex beads was evaluated. All tested strains, wild-type strain PK1259, parent strain PK2399 and Cog-mutant strains PK2407, PK2415 and PK3092, agglutinated with PRP-coated latex beads in a manner indistinguishable from the control strain A. naeslundii T14V. There was no agglutination with latex beads coated with bovine serum albumin.
Further, the agglutination of parent and mutant strains
of Actinomyces serovar WVA963 was tested with IgG against type 1 and type 2 fimbriae of A. naeslundii T14V. All strains tested (Table 3 ) agglutinated with R59 IgG Fig, 2 . lmmunoblots of surface proteins of wild-type and mutant strains of Actinomyces serovar WVA963 and A. naeslundii T14V. Proteins were separated by 4-20 % Tridglycine SDS-PAGE, transblotted and incubated with either (a) anti-type 1 (5.5 pg protein ml-') or (b) anti-type 2 (0.85 pg protein ml-' to develop lane 2 and 5.Op.g protein ml-' to develop lanes 3-9) IgG serum made against fimbriae purified from A. naeslundii T14V. The amount of protein loaded per lane in (a) was 5 pg in lanes 2-4 and 10 pg in lanes 5-9. The amount loaded in (b) was 2-5pg in lane 2, 5pg in lanes 3 and 4, and 9pg in lanes 5-9. Lane 1 contains the prestained molecular mass standards (molecular masses are 106, 80, 49.5, 32.5, 27.5 and 18.5 kDa Table 4) . Lanes: 1, prestained molecular mass standards (106, 80, 49.5, 32.5, 27.5 and 18.5 kDa indicated by line ticks on the left); 2, 5 pg surface sonicate of parent strain PK2399; 3, boiled lactose-agarose beads prior to adsorption of surface sonicate; 4, boiled lactose-agarose beads after the first wash with adsorption buffer; 5, boiled lactose-agarose beads after six washes with adsorption buffer; 6, boiled lactose-agarose beads after two elutions of bound proteins with 100mM lactose in each elution buffer; 7, boiled mannose-agarose beads prior to adsorption of surface sonicate; 8, boiled mannose-agarose beads after the first wash with adsorption buffer; 9, boiled mannose-agarose beads after six washes with adsorption buffer; 10, boiled mannose-agarose beads after two elutions with 100 mM lactose.
T o investigate the relationship of these putative fimbrial subunits with the subunits of type 1 and type 2 fimbriae of A. naeslundii strains T14V (type 1+, type 2+), 5519 (type 1+, type 2-) and 147 (type 1-, type 2-), surface preparations were made, the proteins were separated by SDS-PAGE, and the type 1 and type 2 subunits were identified on immunoblots by their reactions with R59 anti-type 1 and R55 anti-type 2 sera, respectively (Fig. 2) . Anti-type 1 sera reacted strongly with a band of about 59 kDa in the parent strain T14V (Fig. 2a , lane 2) and strain 5519 (Fig. 2a, lane 4) . This band was absent in the type 1 negative strain 147 (Fig. 2a, lane 3) . Also absent in lane 3 were immunoreactive proteins of higher molecular size. For comparison, all five of the Actinomyces serovar WVA963 strains (Fig. 2a , lanes 5-9) produced type 1 immunoreactive proteins at 59 kDa, and all synthesized high molecular size immunoreactive proteins, indicating the presence of type 1 homologous fimbriae on these strains (Cisar et al., 1991 ; Yeung et al., 1987) . As expected, the band at 59 kDa reacted much more weakly than with the A. naeslundii strains, since a 30-fold higher concentration of anti-type 1 serum was needed to agglutinate these strains as compared to the homologous A. naeslundii T14V strains (Table 3) .
Likewise, surface preparations of the reference strains were reacted with anti-type 2 serum (Fig. 2b) . A strongly staining band at about 57 kDa was evident in strain
On: Thu, 16 May 2019 20:09:25 C. M. K L I E R a n d OTHERS T14V (Fig. 2b, lane 2) , as well as numerous high molecular size proteins, as has been reported by Donkersloot et al. (1985) and Yeung & Cisar (1988) .
Neither of the reference type 2-mutants (Fig. 2b , lanes 3 and 4) produced the 57 kDa protein. Since the antitype 2 serum reacted about 30-fold more strongly with A. naeslundii T14V than with the Actinornyces serovar WVA963 strains (Table 3) , a fourfold higher protein concentration of the latter strains was applied to the gel in order to detect immunoreactive proteins. Four of the Actinornyces WVA963 strains (Fig. 2b, lanes 5 , 6 , 7 and 9) possessed an immunoreactive protein at 57 kDa, but
Cog-mutant PK2407 did not synthesize this protein (Fig. 2b, lane S) , and it did not produce any high molecular size type 2 immunoreactive proteins (Fig. 2b , upper portion of lane 8).
Characterization of antiserum raised against whole cells of parent Actinomyces serovar WVA963 strain PK2399
Agglutination of whole cells of PK2399 by the polyclonal anti-PK2399 serum indicated a titre of 1 : 13 000. Two aliquots of the antiserum were absorbed, respectively, with either Cog-strain PK3092 (class I) or Cog-strain PK2407 (class 11). Strain PK3092 synthesized type 2 actinomyces fimbriae, but strain PK2407 lacked these fimbriae. Anti-PK2399 serum absorbed with PK3092 (A-3092) agglutinated the parent at a 1 : 1024 dilution of antiserum but did not agglutinate class I1 mutant cells. However, anti-PK2399 serum absorbed with PK2407 (A-2407) agglutinated the parent and Cog-strain PK3092 at a 1:1024 dilution of antiserum but not PK2407 at any dilution. These results suggested that the surface epitopes of class I1 mutant strain PK2407 were different from the class I mutant strain PK3092 and parent strain PK2399.
Anti-PK2399 serum absorbed with the parent strain PK2399 failed to block coaggregation of PK2399 and its streptococcal partners. PK3092-absorbed anti-PK2399 serum (A-3092) completely blocked the coaggregation between the parent strain PK2399 and its streptococcal partners at a 1 :55 dilution (Table 4) . PK2407-absorbed anti-PK2399 serum (A-2407) showed about a 10-fold weaker ability to block coaggregation. None of the absorbed antisera blocked coaggregation between the parent strain PK2399 and F. nucleaturn PK1594, suggesting that the blocking of the streptococcalactinomyces coaggregations was due to specific antibody recognition of lactose-binding molecules on the actinomyces surface.
Lactose-agarose beads as affinity matrix for enrichment of lactose-binding proteins in surface sonicates
Lactose-agarose beads were used as an affinity matrix to enrich for lactose-binding proteins released by mild sonication of actinomyces cells. T o exclude nonspecific interactions between actinomyces surface components and the agarose beads, mannose-agarose beads were chosen as a control matrix, since mannose did not inhibit coaggregation. A surface sonicate of the parent strain PK2399 (Fig. 3, lane 2 ) was adsorbed to either lactose-agarose beads or mannose-agarose beads. Proteins released by boiling from both lactose-agarose (Fig.  3 , lanes 3-6) and mannose-agarose beads (Fig. 3 , lanes 7-10) during several steps after the adsorption of the surface preparation were detected by an immunoblot using absorbed serum A-3092. Neither lactose-agarose beads (Fig. 3, lane 3) nor -mannose-agarose beads (Fig. 3, lane 7) showed any immunoreactive bands before mixing with the surface preparation. After mixing the lactose-agarose beads with the surface preparation and one wash with buffer, the lactose-agarose beads showed an enrichment of high molecular mass material (above the highest molecular mass standard at 106 kDa) (Fig. 3, lane 4) , but the mannose-agarose beads (Fig. 3, lane 8) showed no enrichment compared to the starting surface sonicate (Fig. 3, lane 2) . Comparison of the surface sonicate (Fig.   3 , lane 2) with proteins remaining bound to six-timeswashed lactose-agarose beads and released by boiling revealed a considerable enrichment of high molecular mass proteins (above 106 kDa) and a decrease in all other immunoreactive proteins (Fig. 3, lane 5) . Further, these high molecular size proteins could be eluted by incubating the lactose-agarose beads with 100 mM lactose for 6 h at 4 "C as shown by their absence in boiled beads after lactose elution (Fig. 3, lane 6) . In contrast, the mannose-agarose beads did not retain high molecular mass proteins from the surface sonicates (Fig.  3, lane 9) . Washing the mannose-agarose beads with 100 m M lactose did not remove any additional proteins from the mannose-agarose beads (Fig. 3, lane lo) , suggesting that the faster migrating ladder of bands (perhaps lipoteichoic acid) were bound to agarose beads non-specifically. Thus, lactose-agarose beads specifically enriched high molecular mass actinomyces surface proteins.
SDSPAGE and immunoblot analysis of actinomyces surface proteins from parent and Cog' mutant strains enriched by lactose-agarose beads
Freshly harvested cells from 8 1 culture medium (about 10 g cells wet wt) were used to affinity-purify lactosebinding surface proteins. The routine lactose-agarose bead enrichment analysis of the parent included Problue (Fig. 4a, lanes 1-5) and/or silver staining (Fig. 4a , lanes 6 and 7) of SDS-PAGE of surface sonicates (Fig. 4a , lane 2), the first buffer wash (Fig. 4a, lane 3) , a concentrated sixth buffer wash (Fig. 4a , lanes 4 and 6; one half of entire concentrated sample loaded onto gel), and a concentrated 100 m M lactose elution (Fig. 4a , lanes 5 and 7 ; one-quarter of entire sample from original 8 1 culture loaded onto gel). Little or no difference was observed between the starting surface sonicate preparation and the first buffer wash, which probably reflected trapped surface proteins in the bead matrix. After six washes, very little protein was detectable by Pro-blue staining (Fig. 4a, lane 4) . Some high molecular Coaggregation-mediating actinomyces adhesin different experiment showed an additional band with a molecular mass of 95 kDa.
The immunoblot (Fig. 4b, lanes 2-5) of an identical gel of parent strain samples (Fig. 4a, lanes 2-5) as well as the concentrated lactose-released proteins from the two classes of Cog-mutant surface sonicates (Fig. 4b , lanes 6 and 7) was developed with absorbed serum A-3092. The results showed the adsorption and elution of lactose-binding proteins from the lactose-agarose beads (Fig. 4b, lanes 2-5) . The PK2399 eluate (Fig. 4b, lane 5) contained a 95 kDa protein as well as higher molecular mass proteins. The higher molecular sizes may be composed of fimbriae-adhesin polymers of various lengths. Interestingly, the 95 kDa band could also be seen in the concentrated lactose elution of the class I1 Cog-mutant strain PK2407 (Fig. 4b, lane 6 ) , which was lacking the 57 kDa type 2 fimbrial monomer (see Fig. 2b , lane 8). Only one additional higher molecular size band of approximately twice the.size of the 95 kDa protein was observed (Fig. 4b, lane 6) . The concentrated lactose wash of the class I Cog-mutant PK3092 (Fig. 4b, lane 7) did not reveal any protein bands of 95 kDa or larger size.
Since the PK3092-absorbed antiserum (A-3092) used in this immunoblot blocked coaggregation (Table 4) , the 95 kDa protein it recognized might be the adhesin involved in the lactose-inhibitable coaggregations between actinomyces and streptococci. The observation that the Cog-mutant PK2407 bears this 95 kDa putative adhesin agrees with the finding that PK2407 cells removed most of the coaggregation-blocking antibodies from anti-parent serum (Table 4 Lanes 2-5 were stained with Pro-blue; lanes 6 and 7 were silver stained. Lanes: 1, prestained molecular mass standards (106, 80, 49.5, 32.5, ; 2, 5 pg surface sonicate of parent strain PK2399; 3, 5 pg protein released with the first adsorption buffer wash; 4 and 6, protein released into buffer after six washes with adsorption buffer and concentrated 40-fold; 5 and 7, protein eluted with 100 mM lactose and concentrated 40-fold. Arrowheads indicate the positions of 57 and 95 kDa proteins. (b) lmmunoblot of surface sonicates of the parent and Cog-mutant strains released from lactose-agarose beads by eluting with 100 mM lactose. The immunoblot was incubated with A-3092 (see legend to Table  4 ). Lanes 1-5 were loaded with identical samples of the parent strain PK2399 as listed in Fig. 4(a) . Lane 6, 40-fold concentrated surface sonicate proteins of class II Cog-mutant PK2407 eluted from lactose-agarose beads with 100 mM lactose. Lane 7, 40-fold concentrated surface sonicate proteins of class I Cogmutant strain PK3092 eluted with 100 mM lactose. The arrowhead indicates the position of the 95 kDa protein.
mass proteins, greater than 106 kDa, and some low molecular mass peptides, less than 30 kDa, were faintly visible by silver staining (Fig. 4a, lane 6) . The concentrated lactose-released proteins (Fig. 4a, lanes 5 and 7 ) , however, revealed bands that were readily detectable with Pro-blue (Fig. 4a , lane 5) in the high molecular mass range (greater than 106 kDa) (and a detectable band at 57 kDa). The silver-stained lane (Fig. 4a, lane 7) of a Antiserum raised against parent PK2399 surface sonicates adsorbed to lactose-agarose beads
Parent surface sonicate components that were bound to lactose-agarose beads (Fig. 4b , lane 5) were used to obtain antibodies directed against the putative adhesin and its high molecular size complexes. The antiserum was absorbed with class I mutant PK3092 cells, and, at a dilution of 1:55, it completely blocked the parent PK2399 coaggregation with its partner S. oralis 34. Even undiluted antiserum had no effect on the lactosenoninhibitable actinomyces-fusobacteria coaggregation. This antiserum was called L-A-3092, and its coaggregation-blocking ability was the same as that of the A-3092 serum (complete blocking at 1 : 55 dilution; see Table 4 ). with buffer, the bound proteins were eluted with 100 mM lactose. Fig. 5 shows molecular mass standards (Fig. 5, lane l) , surface sonicates of the wild-type strain PK1259 (Fig. 5, lane 2) , the first buffer wash (Fig. 5 , lane 3) and the fifth and final wash before the lactose wash (Fig. 5, lane 4) . The immunoblot was developed with L-A-3092 serum, which was very immunoreactive with high molecular mass material in surface sonicates (Fig.  5, lane 2) . By comparison, the immunoreactivity of A-3092 serum with surface sonicates (see Fig. 3 , lane 2 and Fig. 4b , lane 2) is primarily with lower molecular size material (below 80 kDa). This would be expected for an antiserum raised against putative lactose-sensitive adhesin and adhesin-fimbriae complexes bound to the lactose-agarose beads. Loosely bound high molecular size material was removed from the streptococcal cells by the buffer washes (Fig. 5, lanes 3 and 4) . An enrichment of the 95 kDa putative adhesin was observed with lactose eluates of the wild-type strain PK1259 (Fig. 5 , lane 5), parent strain PK2399 (Fig. 5 , lane 6) and the Cog-mutant strain PK2407 (Fig. 5, lane  7) . Prominent in the lanes of the wild-type and parent was the immunoreactive high molecular size material that was absent in the lane of the Cog-mutant strain PK2407 (Fig. 5, lane 7) . Bands of about the size of adhesin dimers were again visible in the lactose eluates from the streptococcal surface (Fig. 5 , lane 7) as they were in the lactose eluates from the lactose-agarose beads (see Fig. 4b , lane 6). No immunoreactive material was present in the lactose-released proteins of the class I Cog-mutant strain PK3092 (Fig. 5, lane 8) or from cells of the streptococcal partner S. oralis 34 (Fig. 5, lane 9 ) that were treated identically with buffer and lactose.
DISCUSSION
This study was initiated to identify the actinomyces adhesin on Actinomyces serovar WVA963 that mediates lactose-inhibitable coaggregations with streptococcal partners. Actinornyces serovar WVA963 strain PK1259 (wild-type) was chosen since all of its known coaggregations with streptococci are lactose-inhibitable Kolenbrander & London, 1992) . Two classes of spontaneously occurring Cogmutants were selected. Mutant strain PK3092 (class I) synthesized type 2 fimbriae, which have been shown to be involved in lactose-inhibitable coaggregations with streptococci (Cisar et al., 1983 , but class I1
mutants (e.g. PK2407) lacked these fimbriae. Since neither mutant class coaggregated with streptococci, it was assumed that the lactose-sensitive adhesin was absent from these mutants. We have shown here that a 95 kDa protein on the surface of the parent is the putative adhesin that mediates these lactose-inhibitable coaggr eg a t i on s with streptococci . Furthermore , it appears that the class I1 mutant produced this protein but was unable to present the putative adhesin properly on the cell surface. These results suggest that the putative adhesin is a protein distinct from the type 2 fimbrial subunit which is about 57 kDa in this oral actinomyces.
Antiserum raised against the parent strain and absorbed with the class I mutant PK3092 (A-3092) blocked lactoseinhibitable coaggregation with streptococci but not the noninhibitable coaggregation with fusobacteria, indicating its specificity for lactose-inhibitable coaggregations (Table 4 ). In contrast, class I1 mutant PK2407 absorbed antiserum (A-2407) lost nearly all of its blocking ability presumably because of the presence of the putative adhesin on PK2407 (Table 4) . Thus, we used the class I mutant absorbed antiserum to identify the putative actinomyces lactose-sensitive adhesin in immunoblots.
Comparison of native surface sonicates of parent and mutants did not reveal any differences by SDS-PAGE o r immunoblots incubated with A-3092 serum. However, the putative adhesin was detected in lactose eluates obtained from these surface sonicates after adsorption to lactose-agarose affinity beads. The putative adhesin appeared as a 95 kDa band in the parent (Fig. 4b , lane 5) and class I1 mutant (Fig. 4b , lane 6) but was absent in the class I mutant (Fig. 4b, lane 7 ) . In addition, the parent strain contained a large amount of high molecular mass material (Fig. 4b , lane 5) which presumably consisted of adhesin-fimbriae complexes of various sizes. This high molecular mass material was absent in the class I1 mutant (Fig. 4b, lane 6) , which is consistent with the absence of type 2 fimbriae on this strain. The class I1 mutant contained a single additional band of higher molecular size which has the size of an adhesin dimer.
For comparison, a tetramer of the 75 kDa lactosesensitive adhesin has been reported for the oral strain P. loescheii PK1295 (London & Allen, 1990) .
To obtain an antiserum against the putative adhesin, surface sonicate of the parent was adsorbed to lactoseagarose beads and, after extensive washing, was used as the antigen. After adsorption with class I mutant cells, this antiserum (L-A-3092) exhibited the same coaggregation-blocking ability as the mutant-absorbed anti-parent serum (A-3092). This specific blocking of lactose-inhibitable coaggregations indicated its usefulness in identifying the putative lactose-sensitive adhesin. The interaction of surface sonicates with streptococcal partner cells when used as an affinity matrix was investigated with L-A-3092. Immunoblots of lactose eluates revealed a 95 kDa band in wild-type, parent and class I1 mutant cells, but not in class I mutant cells. Thus, both an artificial specific affinity matrix like lactoseagarose beads and the natural streptococcal surface receptor could bind the 95 kDa lactose-sensitive protein.
The bound protein remained adherent through five buffer washes, which suggests that the binding is specific. It appears that the putative adhesin is present in very small numbers per cell, since 15-20 g wet weight of actinomyces cells was needed to obtain sufficient surface protein for enrichment by affinity chromatography. The lactose eluate had to be concentrated about 40-fold and about one-quarter of the concentrate was loaded per lane for SDS-PAGE. In another oral bacterium, P. loescheii PK129.5, there are only about 400 molecules per cell for its lactose-sensitive adhesin (Weiss et al., 1988) and this same organism presents only 310 molecules of a second adhesin on its cell surface (Weiss et al., 1988) . In E . coli, the ratio of 1 adhesin molecule per 1000 pilin subunits for the P pili has been reported (Lindberg et al., 1987) . Presumably, adhesins with high affinity for their cognate receptors do not need to be in high numbers per cell to be effective in maintaining the union of the two cell types. The presence of a biochemically functional adhesin on the cell surface of Actinomyces serovar WVA963 strain PK2407 in the absence of type 2 fimbriae is comparable to the presence of the P pilus adhesin (PapG) on the surface of E. coli mutants that lack a P pilus (Lindberg et al., 1987; Uhlin et al., 1985) . Also, E. coli mutants producing type 1 adhesin (FimH) in the absence of type 1 pili retain the mannose-sensitive haemagglutination but are unable to bind to epithelial cells (Hultgren et al., 1990) . Recently, an adhesin, PilC, was described for Neisseria gonorrhoeae that is distinct from the pilus subunit PilE of type IV pili in N. gonorrhoeae (Rude1 et al., 1995) . Likewise, we have identified an adhesin on the class I1 mutant PK2407 that can remove coaggregationHocking antibodies but cannot mediate coaggregation.
The putative adhesin could be released from mutant PK2407 by mild sonication and bound to streptococcal cells. The lactose-sensitive function relevant to coaggregation was demonstrated by the binding of the 95 kDa putative adhesins of parent and mutant to streptococci and subsequent elution by lactose. Thus, we propose that the 95 kDa putative adhesin is distinct from the 57 kDa type 2 fimbrial subunits. The results also indicate that to mediate coaggregation it must be presented properly on the type 2 fimbriae. Additional support for two distinct proteins comes from our characterization of the class I mutant PK3092, which produces type 2. fimbriae but has no detectable adhesin.
